W e describe a laboratory experience for upper-level science students that provides a hands-on approach to understanding the basics of experimental physiology. A pre-lab, interactive tutorial develops the rationale for this experiment by reviewing the renal and cardiovascular mechanisms involved in the response to extracellular fluid volume expansion. After a hypothesis is stated, an experiment is designed to determine the relative importance of dilution of plasma proteins to the overall renal excretory response following volume expansion with intravenous saline. In the lab, students collect data from two groups of anesthetized rats. The protocol involves continuous monitoring of arterial pressure and periodic collection of urine and blood samples after volume expansion with either isotonic NaCl or isotonic NaCl plus 5% albumin. A post-lab tutorial is used to analyze, interpret, and discuss the data. Students next prepare an oral presentation, practice it, and finally present their results and answer questions before peers and instructors. This overall experience involves all of the components of doing a ''real'' experiment, starting with a question that is not answered in general textbooks of physiology and finishing with an oral presentation of the results. Along the way, students gain a better understanding of a complex homeostatic response and learn the care and value of using animals in research and teaching. ADV PHYSIOL EDUC 23: 24-31, 2000. Key words: renal physiology; sodium excretion; education At the University of Western Ontario we have an intensive laboratory component to a very popular mammalian physiology course offered to upper-level science students. We emphasize the use of hypothesisdriven experiments done with small groups of students, using a combination of both human and animal subjects. A previous report highlighted some unique features of this course that take place during the neurophysiology block of experiments (7). This report outlines a relatively simple and reliable experiment done during the cardiovascular/respiratory/ renal block of experiments. The strength of this laboratory experience is that it provides the students an opportunity to design an experiment and collect data to answer a question that is not found in general physiology textbooks. Also, the activities completed over a five-week period closely simulate those involved for a physiologist in taking an idea from conception to communication of the results and conclusions.
At the University of Western Ontario we have an intensive laboratory component to a very popular mammalian physiology course offered to upper-level science students. We emphasize the use of hypothesisdriven experiments done with small groups of students, using a combination of both human and animal subjects. A previous report highlighted some unique features of this course that take place during the neurophysiology block of experiments (7) . This report outlines a relatively simple and reliable experiment done during the cardiovascular/respiratory/ renal block of experiments. The strength of this laboratory experience is that it provides the students an opportunity to design an experiment and collect data to answer a question that is not found in general physiology textbooks. Also, the activities completed over a five-week period closely simulate those involved for a physiologist in taking an idea from conception to communication of the results and conclusions.
All general physiology textbooks have a chapter or section devoted to integrative mechanisms involved in the cardiovascular and renal responses to alterations in extracellullar fluid (ECF) volume. Whereas most textbooks have abundant details, with some having elegant flowcharts about neurohormonal feedback control systems involved with maintenance of ECF volume, few (e.g., Refs. 4 and 6) mention the possible role of ''physical factors'' (i.e., Starling Forces) in the context of this homeostatic process. None of the textbooks present data or comment about the relative importance of physical factors (or any of the other interrelated systems) involved in defending the ECF volume. This is of course understandable, because textbooks generally present accepted facts and concepts to allow students to have a qualitative rather than a quantitative understanding of rather complex systems. However, for upper-level science students who are being trained in critical thinking and the scientific approach, it is appropriate to ask such questions.
Regulation of ECF volume occurs by integrated control of sodium excretion (3). The involvement of physical factors in the renal response to ECF volume expansion with saline has been known for many years (5), although as mentioned above, this important mechanism has generally escaped the attention of those constructing flowcharts of mechanisms involved in volume homeostasis. Interest in this area was rekindled in a publication by Cowley and Skelton (1) , in which they demonstrated clearly, using conscious dogs, that dilution of plasma proteins plays a dominant role in the renal excretory response following ECF volume expansion with isotonic NaCl. Denervation of the kidneys and clamping of hormone levels did not alter the renal response. Expansion of blood volume (using homologous whole blood) to the same extent as was seen with ECF volume expansion using saline produced little change in sodium excretion in these same animals. Unfortunately, they did not report the effect of homologous blood volume expansion in animals with innervated kidneys and normal hormone levels, i.e., what was the magnitude of the renal response to increased blood volume in their model when neurohormonal controls were in place but there was no dilution of plasma proteins? A report using rats by Fenoy and Roman (2) also supported an important role for dilution of plasma proteins in the renal response to volume expansion with isotonic saline. They found that volume expansion with saline resulted in a diuresis and natriuresis that were accompanied by increases in renal medullary blood flow and renal interstitial hydrostatic pressure. If albumin was added to the saline to produce an isooncotic solution, there was significantly less diuresis and natriuresis over the same time period, no increase in medullary blood flow, and a smaller rise in interstitial hydrostatic pressure.
We used the information from the above studies to design a laboratory experience with the following purposes: 1) to reinforce integrative principles of cardiovascular and renal physiology and to learn critical thinking skills; 2) to help students learn to design an experiment based on a rationale and a hypothesis, 3) to give students experience in data collection, analysis, interpretation, and presentation; and 4) to reinforce principles of care and use of animals in research and teaching.
LABORATORY EXPERIENCE
Our labs are offered in two sections, Thursday and Friday afternoons each week throughout the term. This particular laboratory is one of a number of labs available for students during a five-week block of cardiovascular/respiratory/renal experiments. Typically, eight students in each section have the opportunity to take this renal lab. The results from both sections are pooled.
Week 1: Interactive Tutorial
The strategy used to involve students actively in designing the experiment is to first review the textbook approach to neurohormonal regulation of ECF volume. Before developing a flowchart on the chalkboard or overhead projector, the tutorial leader engages the students in a discussion about body fluid volume and composition as well as the mechanisms of exchange of fluid between compartments. BarrowYannet diagrams are used with a few examples of manipulations that would alter compartment volume and/or osmolality. When the example of administering an isotonic NaCl solution is used, it is important to make sure that students understand why this expands only the ECF volume and to note the relative distribution of the saline volume between the interstitial and plasma compartments. A ratio of ϳ4:1 for interstitialto-plasma volume is commonly seen (1), i.e., ϳ20% of an isotonic saline load can be expected to remain in the vascular space.
A typical flowchart for neurohormonal control of ECF volume is then developed. We start from the basic cardiovascular variables of blood volume, right atrial pressure, cardiac output, and arterial pressure, which eventually result in excretion of sodium and water. Renal excretory function is a balance between glomerular filtration rate (GFR) and tubular reabsorption. With input from the students, the various neurohormonal systems and some of their complex interactions are added to complete the picture. At this point, two observations are given to the students. First, acute volume expansion with isotonic NaCl if not done too quickly results in little, if any, change in arterial pressure. The students then work through this concept using the flowchart to explain how arterial pressure can be stabilized and kidney excretory function can be enhanced by the same reflexes during ECF volume expansion. Second, evidence from the literature (1) indicates that dilution of plasma proteins by the isotonic saline dominates over all of the neurohormonal mechanisms in causing the rapid diuresis and natriuresis seen during ECF volume expansion with saline. The students then discuss the expected effects of reduced plasma protein concentration (i.e., lower plasma oncotic pressure) on GFR and tubular reabsorption. The final flowchart that we develop is shown in Fig. 1 . This can be more or less complex (e.g., see Ref.
3), particularly with respect to actions of atrial natriuretic peptide, depending on the level of the class.
After telling the students that we want to test the general hypothesis that dilution of plasma proteins by ECF volume expansion with isotonic NaCl is the dominant mechanism for increased renal excretory function in this condition, we ask them to design an experiment that could be done in the lab with two groups of anesthetized rats. After some thought, they usually come up with two general possibilities: 1) eliminate neural and hormonal reflexes in one group of rats and compare the response to ECF volume expansion with that of a control group, or 2) prevent the dilution of plasma proteins during ECF volume expansion and compare the response to that of a control group. Note that these two strategies were used by Cowley and Skelton (1) and Fenoy and Roman (2), respectively. (A third possibility sometimes mentioned is to remove protein while keeping the plasma volume constant. The point is that we are trying to get students to think about possible experimental designs that will test the hypothesis.)
Agreeing that the first option is difficult to do, we settle on designing an experiment to accomplish the second option. The suggestion of including protein, in a concentration similar to that in plasma, along with the isotonic NaCl when volume expanding the rat comes quickly. We now get specific and tell the students that we will volume expand the control rats with intravenous isotonic NaCl by giving 6% of body weight over 30 min using an infusion pump (e.g., 18 ml in a 300-g rat). The question then becomes, how much of the saline-plus-protein solution should be given? This is usually difficult for the students, until we go back to the Barrow-Yannet diagrams and recall that the isotonic NaCl given intravenously will distribute unevenly between the interstitial and plasma compartments. Both interstitial and plasma volumes will increase, but in a ratio of ϳ4:1. However, the isotonic NaCl plus protein will remain essentially in the vascular space and only expand the plasma volume. Therefore, the total volume of protein solution to be given would be 20-25% of the total volume of saline given, to get an equivalent expansion of the vascular space. Because the vascular space is the site where the receptors are located for triggering the neurohormonal reflexes involved with ECF volume homeostasis, both groups should have similar activation of the reflexes.
Students must understand that this is a crucial part of the experimental design if we want to test the relative importance of dilution of plasma proteins and neurohormonal reflexes in response to volume expansion. How could we provide some evidence that we have accomplished equal expansion of the plasma volume with these two solutions? Students generally suggest measuring plasma volume or possibly right atrial pressure. Both of these measurements would make the experiment more difficult, so we settle on using the change in hematocrit as an index of a change in plasma volume. If our calculations and assumptions are correct, then hematocrit would decrease similarly in both groups, suggesting that plasma volume was equally expanded with the two different solutions. The major difference between the two groups is presumably the dilution of plasma proteins in the group receiving only isotonic saline. The question is, how does renal excretory function differ between the two groups?
At this point, the students have designed the experiment that we had in mind! We now discuss with them a handout giving the details of the protocol as outlined below and help them to get organized for the next lab period by preparing data collection sheets. In addition, each group must complete an animal use protocol form, which goes on record with the Animal Use Subcommittee of the University of Western Ontario. Students have had lectures and information on the care and use of laboratory animals in other sessions before this block of experiments. Finally, we suggest 
I N N O V A T I O N S A N D I D E A S VOLUME 23 : NUMBER 1 -ADVANCES IN PHYSIOLOGY EDUCATION -JUNE 2000
that students look into the literature to find other related articles [we give them references for the Cowley and Skelton (1) and Fenoy and Roman (2) papers].
Week 2: Laboratory Experiment
In our first year using this experiment we gave the students the opportunity to do the necessary surgery. It was clear that although this was a good experience for the students, it was unrealistic to expect to have preparations capable of producing reliable data! Since then, we use graduate student demonstrators and faculty members to prepare the animals before the start of the lab period. Students are invited to watch and help if they are available before normal class time.
Preparation. Male Sprague-Dawley rats (300-350 g) are anesthetized with ketamine (30 mg/kg im) and Inactin (100 mg/kg ip) and placed on a surgery table heated by a lamp. Body temperature is recorded with a thermistor placed in the esophagus and maintained at 37-38°C by adjusting the position of the heat lamp. The trachea is cannulated with PE-240 tubing, after which the left jugular vein is cannulated with two pieces of pulled PE-50 tubing inserted into the same opening in the vein. One of these is used for a background infusion of 0.9% NaCl at 2.5 ml/h , which is started immediately after the jugular cannulation is completed and maintained throughout the duration of the experiment. This ensures a modest baseline urine flow before volume expansion. The second jugular cannula is connected to another infusion pump that is used for volume expansion. The femoral artery is cannulated (PE-50) for measurement of arterial pressure and blood sampling. The bladder is approached through a small incision in the abdomen and cannulated with PE-190 (flanged end) for urine collection. We prepare four rats each day for eight students.
When the majority of the students arrive in the lab, the animals are in a 60-min equilibration period following surgery. Students use this time to get organized as to who is doing what and to label sample tubes. With eight students we suggest the following: an overall coordinator who directs the activity and times the urine and blood collections, a student who sits with each rat to switch urine tubes and take blood samples, a student who measures hematocrit and plasma protein concentration, a student who measures urine volume, and a student who makes sure that arterial pressures are being recorded properly and helps elsewhere as necessary. At the end of the experiment, two students measure sodium concentration in the urine samples while the rest of the students clean up.
Protocol. After the equilibration period, baseline urine flows are obtained using two consecutive 10-min collection periods. A baseline blood sample is taken at the 15-min mark during this preinfusion period. Volume expansion is then started and continued for 30 min. In two rats, 0.9% NaCl is infused to give a total volume load of 6% of body weight. In the other two rats, 0.9% NaCl plus 5% albumin is given over 30 min for a total volume equal to 1% of body weight. We have found that a 5% albumin solution does not usually alter plasma protein concentration and that in the anesthetized rat, isotonic saline distributes between interstitial and plasma volumes in a ratio of ϳ5:1. Fenoy and Roman (2) actually measured blood volume after volume expansion with saline (5% of body weight in 30 min) and found that the vascular space only retained ϳ12% of the infused saline. Therefore, in our protocol the blood volume is probably increased to a greater extent with the albumin solution than with the saline solution, if anything. This would provide an even stronger signal for neurohormonal reflexes in the rats receiving the protein solution.
Urine is collected in consecutive 10-min periods before and during volume expansion and for 60 min after the infusion is stopped. Blood samples are taken at 15-min intervals. At the end of the experiment the rats are euthanized with 1 ml of a saturated KCl-MgSO 4 solution. The kidneys are removed, stripped of the capsule and fat, sectioned in half, blotted dry, and weighed.
Measurements and calculations.
Urine volume is measured by weighing the timed urine samples, and urinary flow is calculated (µl/min). Blood samples are collected in hematocrit tubes (at least 2 tubes/ sample), and hematocrit is measured after the sample is centrifuged for 10 min in a hematocrit centrifuge. The hematocrit tubes are then scored and broken so that plasma can be removed using a microsyringe and needle. A drop of plasma is used to measure the plasma protein concentration (g/dl; clinical refractom-
eter). This instrument was calibrated using the solution of 0.9% NaCl plus 5% albumin. Urinary sodium concentration is measured using a flame photometer and sodium excretion (µmol/min) is calculated as the product of urine flow and urinary sodium concentration. Arterial pressure is measured and displayed on-line using a custom software program, and an average of mean arterial pressure for each 10-min period is obtained. Data from both lab groups are pooled to give a value of n ϭ 4 for each group of animals.
Week 3: Analysis and Interpretation
Students are expected to come to this session having completed calculations and done preliminary plots of data. The data and interpretations are discussed with graduate student instructors, and plans are made for a formal oral presentation of the results. In addition, the students write an abstract of the experiment, which is submitted to the overall lab coordinator for publication in a book of abstracts for the class.
Data from a typical year's experiment are shown in Fig. 2 . We have done this lab for the last seven years and have found the results to be very reproducible.
The results are clear and can be interpreted in the context of the hypothesis that dilution of plasma proteins is a major factor in the early response to volume expansion with isotonic NaCl. The difference in urine flow and sodium excretion between the two groups is marked. Hematocrit decreases in both groups, whereas plasma protein concentration is lowered in the saline-only group but not in the saline-plusprotein group. We encourage the students to do other analyses such as determining the percentage of administered load excreted in 90 min, estimating the degree of plasma volume expansion based on the change in hematocrit, and correlating changes in sodium excretion with changes in plasma protein concentration. Statistical analysis of the data for significant differences is possible, but generally we do not emphasize this because the n value is small. This can be discussed with the students because they have had an introductory statistics course in their science program.
Week 4: Practice Oral Presentation
Students are encouraged to set a time for an informal practice session with graduate students and the faculty instructor. Groups of two students work together to organize an oral presentation lasting 15 min. This is a useful time to solidify understanding of what was done, to discuss other relevant literature found, and to help students organize a 15-min talk that contains the necessary information for a scientific presentation. Although they have received information on what constitutes a good 15-min scientific talk, we find this to be a difficult task for many students.
Session 5: Oral Presentation
This final activity involves several parallel sessions of oral presentations for all of the students (class size usually about 150). The volume expansion laboratory is just one of a number of cardiovascular/respiratory/ renal labs in this block. The students make their 15-min presentations to their peers and lab instructors, followed by 5 to 10 min of questions. An abstract booklet is available for all students. Student groups are graded by graduate students and instructors on their abstracts (15%), the organization and overall quality of the presentation (20%), and the knowledge and understanding of the experiment and related areas (65%). In some years, the faculty instructor has also been asked to give a participation mark for each student in the group for the entire lab block (5% of the knowledge and understanding category).
SUMMARY
We describe a highly interactive, hands-on laboratory experience for third-year biology students to help them learn the essential components of experimental physiology. This laboratory experience is similar to that described by Woodhull-McNeal (8) as a ''project lab,'' and it contains all of the conceptual, motivational, and technical goals described for active learning in physiology labs. In our experience, the keys to an overall successful learning experience for the students are 1) enthusiastic faculty and graduate student tutors; 2) a hypothesis-driven laboratory experiment that actually produces results not found in textbooks, is reliable, and is relatively simple to do; and 3) motivated students. The latter tend to be generated as a result of 1 and 2.
With this format, we feel that the students are developing cognitive skills of experimental design, observational and technical skills to make precise measure- ments, and the ability to analyze what is happening and make the appropriate adjustments to equipment and other ''trouble shooting'' maneuvers. Students will also make the conceptual link between physiological material taught in the lecture and what is happening in the lab. An extremely good understanding of all concepts involved in the experiment is necessary for the oral presentations that are made to their peers, the faculty, and graduate students at the end of the lab section. In addition, the students are required to write a detailed animal protocol explaining all the procedures that will be performed on the animals. In this properly supervised educational setting, experiments with animals introduce students not only to concepts of physiology but also to the principles and scientific requirement of the ethical care of animals.
Although we have no quantitative data, feedback from the students about this laboratory experience and similar labs in the other sections of this course has always been extremely positive. Toward the end of the school year, the students are required to preregister for their fourth year. At this time we find that close to 50% of the class will express an interest in our fourth-year honors physiology program. When asked what got them interested in the physiology program, their response is almost always, ''the third-year lab experience.''
